It is possible to measure nondestructively the residual stress in the interior of the top coating in the thermal barrier coating (TBC) using hard synchrotron X-rays, which have a large penetration depth and high brightness. A new hybrid method is proposed to estimate the distribution of the spalling stress in the top coating by combining the synchrotron data with the stress data measured by the conventional X-ray method utilizing a Cr-Kα radiation. The new hybrid method was applied to estimate the distribution of the spalling stress in the top coating of TBC which had a zirconia top coating with a thickness of 0.24 mm and a NiCoCrAlY bond coating with a thickness of 0.2 mm. The residual stress, σ 11 -σ 33 , within the top coating was determined by synchrotron X-rays of 73 keV energy level, where σ 33 was the stress perpendicular to the surface and σ 11 was an in-plane stress. The distribution of residual in-plane stresses, σ 11 and σ 22 , in the top and the bond coating was determined with the conventional X-ray method by repeating the measurement after successive removal of the surface layer. From the data obtained by synchrotron and conventional X-rays, the distribution of stress component, σ 33 , responsible for spalling was determined. The estimated value of the spalling stress was very small beneath the surface and increased to about 75 MPa near the interface between the top and the bond coating.
Estimation of Spalling Stress in Thermal Barrier Coatings
Using Hard Synchrotron X-Rays
Introduction
A thermal barrier coating (TBC) is a key technology of gas turbine engines. The TBC consists of a top coating plasma-sprayed with zirconia and a bond coating plasmasprayed with MCrAlY. It is the most important to prevent the TBC from a spallation of the top coating. There are many factors of the spallation of the TBC, for example, a thermal stress due to a difference in thermal expansion between the top and the bond coating, thermally growth oxide and a residual stress caused by the interface roughness. Estimation of internal stresses in TBCs is indispensable for improving the TBC technology. The interface asperity between the top and the bond coating causes spallation of the TBC (1) , (2) . The spallation of TBCs has been analyzed mainly by a finite element method, and then the relation between the interface asperity and the spalling stress has been investigated (3) , (4) . However, TBCs have the complicated mechanical behaviour with lamella structure (5) .
It is very difficult to analyze the spalling stress by taking account of the mechanical properties of TBCs. On the other hand, the residual stresses in TBCs were measured experimentally, such as photo-stimulated luminescence spectroscopy (6) , (7) . The residual stress beneath the surface of the top coating can be measured by the conventional X-ray method (8) . Because high energy X-rays have deep penetration depth, internal stresses of the bond coating can be measured nondestructively through the top coating using the synchrotron radiation source (9) . It is very useful to apply both of low and high energy X-rays for the estimation of the spalling stress in TBCs.
In this study, a new method is proposed to estimate the spalling stress in top coatings by combining the stresses measured by low and high energy X-rays.
Analysis of Spalling Stress
The X-ray penetration depth becomes large with the increase in the X-ray energy. The change in the X-ray penetration depth with the increase in the X-ray energy is shown in Fig. 1 . The effective penetration depth is calculated for the 333 diffraction of the zirconia top coating in the condition of the side-inclination configuration. As shown in the figure, the penetration depth for low energy X-rays is small, and the measured stress is the in-plane stress. For high energy X-rays from a synchrotron radiation source, the penetration depth becomes very large, for instance, the penetration depth for 72 keV X-rays is over 50 µm. Hence, the stress measured with high energy X-rays includes not only the in-plane stress but also the out-of-plane stress.
In this section, a new analysis on a spalling stress using a low and a high energy X-ray is described. The coordinate system and the principal stresses used are defined as shown in Fig. 2 , where σ X is a stress measured by the X-ray method. ψ is the angle between a normal to the specimen surface and a normal to the diffraction plane. The relation between the measured diffraction angle, 2θ, and the stresses is expressed as (10) Fig. 1 X-ray penetration depth of TBC for high energy X-rays 
where θ 0 is the diffraction angle for strain-free material, E X and ν X are the X-ray elastic Young's modulus and the Poisson's ratio, respectively. Assuming σ 1 = σ 2 = σ X , Eq. (1) is rewritten as follows:
For low energy X-rays, the stress beneath the surface is measured, and the plane stress state, i.e. σ 3 = 0, can be assumed. We can obtain the following equation by partial differential of Eq. (2) by sin 2 ψ.
Hence, the in-plane stress, σ 1 , can be determined from the gradient of the 2θ -sin 2 ψ diagram. The X-ray stress, σ x-ray is regarded as the in-plane stress.
When the stress is measured by high energry X-rays from a synchrotron source, the stress state is no longer the plane stress, because of its large penetration depth and the spalling stress existing near the interface between the top and the bond coating. The gradient of the 2θ -sin 2 ψ diagram measured with high energy X-rays is ∂2θ
Thus, the stress measured by high energry X-rays, σ syn , is given by
From the relation between Eqs. (4) and (6), the spalling stress, σ 3 , is obtained.
The method to estimate the spalling stress, σ 3 , by combining σ 1 measured by low energy X-rays and σ 1 -σ 3 measured by high energy X-rays, is named the hybrid method in the present study. In the following analysis, the change in the X-ray penetration depth with the change in ψ angle, however, is not considered for the sake of simplicity.
Experiments

1 Materials and specimens
The bond coating was made of NiCoCrAlY which was low pressure plasma-sprayed on the substrate of Ni base super-alloy with the thickness of 2 mm. The thickness of the bond coating was 0.2 mm. The top coating of zirconia with 8 wt% was made by air plasma-spraying on the bond coating. The thickness of the top coating was 0.2 mm. After heating the TBCs in vacuum, the specimens were cut into the dimensions of 8 mm in width and 60 mm in length.
The mechanical Young's modulus of the top coating was measured by the tension test of the free-standing top coating, which was removed from the TBC specimen by electropolishing. The detail of the tension test of the TBC specimen is described in our previous study (8) . The Young's modulus was 87.0 GPa and the tensile strength was 7.88 MPa. To measure the mechanical Young's modulus of the bond coating, the free-standing bond coating specimen was prepared. The free-standing specimen with the thickness of 1 mm was made by grinding the substrate. The tension test of the free-standing bond coating specimen was performed with the tension tester (AUTOGRAPH) and the strain was measured with a strain gauge. For the bond coating, the Young's modulus and the Poisson's ratio were 158 GPa and 0.27, respectively.
2 X-ray conditions
The in-plane stresses of the top and bond coatings were measured by the conventional X-ray method. The diffractions used were ZrO 2 133+331 for the top coatings and Ni 3 Al 220 for the bond coating by the Cr-Kα characteristic X-rays. The conditions for X-ray stress measurements are shown in Table 1 . The X-ray optics is the parallel beam method, and the sin 2 ψ method and the isoinclination configuration (Ω-goniometer) were used for the X-ray stress measurements. The value of the X-ray elastic constant of the top coating, which was obtained from our previous study (8) , was used in stress calculation. The value of the X-ray elastic constant of the top coating was independent of coating conditions. The mechanical elastic constants, on the other hand, depend on the top coating structure such as pores, lamella structure and cracks. The X-ray elastic constant of the top coating was obtained by the experiment using the free-standing bond coating specimen.
The experiment by the high energy X-ray was performed with the 4-circle goniometer at the beam line BL02B1 in the Japan synchrotron research institute, SPring-8. The conditions for stress measurements by synchrotron radiations were shown in Table 2 . For the stress measurement of the top coating, the diffraction from ZrO 2 511+333 was used. For the stress measurement of the bond coating, the diffraction from Ni 3 Al 311 was used. Each stress constant was calculated from X-ray elastic constant used for the above X-ray stress measurement. In measuring the residual stress, the specimens were set on the rotating table in order to assume the equi-biaxial stress state. The used method for the stress measurement was sin 2 ψ method with the side-inclination configuration (Ψ-goniometer).
The X-ray wavelength was 73.23 keV, so that both Table 1 X-ray conditions for stress measurement Table 2 Conditions for stress measurement with synchrotron X-rays diffraction angles are lower than 10 deg. Therefore, the high accurate measurement is required. The long soller slit was attached front the scintillation counter in order to reduce the broadening of diffraction profiles. The sampling time was determined enough to become the peak hight over 3 000 counts.
Results and Discussion
1 Distribution of residual stress measured by laboratry X-rays
To obtain the distribution of the residual stress in the direction of depth, the stress measurement with low energy X-rays was repeated successively after removal on the TBC surface with diamond slurry. Figure 3 (a) shows the distribution of the residual stress of the in-plane stress. As shown the figure, the residual stress of the top coating was a small tension near the coating surface. This is caused by a release of a stress due to the surface roughness and micro-cracks. With the increase in the depth, the residual stress increases to about 50 MPa, and becomes constant. Approaching the interface between the top and the bond coating, the residual stress of the top coating increases, and then decreases.
The residual stress of the bond coating is large compression near the interface between the top and the bond coating, and it increases with the increase in the depth. The residual stresses in the bond coating changes from ) shows the change in the diffraction intensities with the removed depth. The asperity of the interface between the top and the bond coating is expressed by the difference in the diffraction intensities between the top and the bond coating. As shown in the figure, the X-ray intensity from the zirconia top coating strated decreasing from the depth of 200 µm and went out at the depth of about 240 µm. The asperity of the interface is therefore about 40 µm.
2 Residual stress measured by synchrotron
The diffraction profiles, which were obtained by high energy X-rays from synchrotron source, are shown in Fig. 4 . In the figure, T c is the thickness of the top coating, the specimen for T c = 240 µm is as coated. The figure also shows the diffraction profiles for the specimens with sev- Fig. 4 Diffraction profiles of TBCs for several thicknesses by synchrotron X-rays eral kinds of the thickness of the top coating. The thicknesses of the top coating were completed by buffing with diamond slurry with a great case not to introduce additional residual stresses. In addition of the diffraction curve for the specimen as top coated (T c = 240 µm), diffraction curves for the others specimens were also shown in Fig. 4 . As shown in the figure, it is noted that the diffraction of the bond coating can be measured through the top coating using high energy X-rays. The diffraction intensities from the bond coating became strong with the decrease in the thickness of the top coating, T c . Particularly, the 311 diffraction from Ni 3 Al has the strong intensity, and it is suitable for the stress measurement. Although the 422 diffraction from ZrO 2 has the strong intensity, there is the 222 diffraction from Ni 3 Al near the right side of it. Therefore, the 511+333 diffractions from ZrO 2 were used for the stress measurement of the top coating. The X-ray with energy above 73 keV has deeper penetration depth, but the diffraction angle, 2θ, becomes too low to measure the stress. As a result, the X-ray energy of about 73 keV is the most suitable energy level for the stress measurement of TBCs. The thicknesses of the top coating, T c , were 240 µm, 142 µm, 97 µm, 40 µm, and 0 µm. For these specimens, the residual stresses of the top and the bond coating were measured by synchrotron X-rays with the energry of 73.23 keV. The 2θ -sin 2 ψ diagrams of the top and the bond coating are shown in Fig. 5 (a) and (b) . Although there are the small deviations and waviness in the diagrams, the relations can be approximated by the straight lines. Each fitting line is indicated in the figures. The value of the stress was calculated from the gradient of the fitting line.
The obtained stress are shown in Table 3 . As shown the table, the residual stress of the top coating as sprayed was small tensile, and the residual stress became small compressive with the decrease in the thickness of the top Table 3 Residual stresses measured by synchrotron coating. It is noted that the tendancy for the residual stress of the top coating measured by high energy synchrotron X-rays is different from that by low energy X-rays with Cr-Kα shown in Fig. 3 . This difference comes from that the stresses measured by the synchrotron X-rays include the stresses at the deep position from the surface due to its large penetration depth, while the stresses measured by the low energy X-rays are the in-plane stresses due to its small penetration depth.
3 Spalling stress in top coating
The spalling stress in the TBC is estimated by the hybrid method using Eq. (7). The results are shown in Fig. 6 . In the figure, the in-plane stresses, σ 1 , are plotted at the removed depth. Each σ 3 is plotted at the depth of 40 µm from the removed surface, because the mean of the penetration depth from sin 2 ψ = 0 to 0.7 is 40 µm in the case of the synchrotron X-ray energy of 73.23 keV. However, σ 3 for the specimen of T c = 40 µm, is plotted at a half thickness, T c /2 = 20 µm, to take account of the remaining thickness of the top coating. The spalling stress, σ 3 , for the bond coating was calculated from the mean of σ 1 − σ 3 for the bond coating and the mean of σ 1 from z = 200 µm to 240 µm. And then, the spalling stress of the bond coating is plotted at z = 220 µm which is the mean depth of the interface between the top and bond coating.
The spalling stress for the top coating is zero at the surface and has the constant value of about 40 MPa. And then, the spalling stress becomes large near the interface between the top and bond coating. The spallation of the top coating is controlled by the compressive in-plane stress and the spalling stress. As the in-plane stress, σ 1 , is a tension as shown in the figure, the measured stress, σ 3 , is not enough for the spallation. The magnitude of the spalling stress estimated by the hybrid method is reasonable as the TBC specimen after annealing. The interface between the top and the bond coating has the complex asperity, and the residual stress near the interface consists of the local phase stresses of the zirconia top coating and the bond coating. The stress measured by X-rays is the phase stress of zirconia, hence the out-of-plane stress of zirconia exists near the interface. The out-of-plane stress in the bond coating is compressive against the tensile stress in the top coating. The existence of the large spalling stresses near the interface corresponds to the thought that the spalling stress is caused by the asperity of the interface between the top and the bond coating (1) , (2) . On the other hand, a spalling stress is strongly pro-moted by thermally grown oxide (11) , (12) , it is useful to estimate a spalling stress by the hybrid method. The mechanism of spallation of the TBCs will be clarified by utilizing the high energy synchrotron X-rays as the experimental method for the starin analysis.
Conclusions
The TBC specimen plasma-spayed was prepared to have the zirconia top coating with the thickness of 0.2 mm and the NiCoCrAlY bond coating with the thickness of 0.2 mm. The distribution of the in-plane stress in the top coating was obtained by repeating the conventional X-ray stress measurement after successive removal. The residual stresses of the TBC specimens with several thicknesses were measured by synchrotron X-rays with the energry of 73.23 keV.
The obtained results are summarized as follows: ( 1 ) The in-plane stress in the top coating was a small tension beneath the surface, and increased near the interface between the top and the bond coating. The in-plane stress in the bond coating was compressive near the interface with top coating. It changed from compression to tension with the distance from the interface.
( 2 ) The residual stress in the bond coating could be measured through the top coating using high energry synchrotron X-rays. The diffraction from Ni 3 Al 311 with 73 keV showed very strong intensity. The diffraction from ZrO 2 511+333 with the X-ray energy of 73.23 keV is suitable for the stress measurement of the top coating.
( 3 ) The spalling stress in the TBC was estimated by combining low and high energry X-rays, and this method was named the hybrid method. The spalling stress in the top coating became 75 MPa near the interface between the top and the bond coating.
